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to pests (Elton 1958, Pimentel 1961, Root 1973, Santamour 2002, 
Barbosa et�al. 2009). Plant diversity can directly affect herbivorous 
arthropods through diet mixing or by creating associational resist-
ance (Andow 1991, Raupp et� al. 2010). Tahvanainen and Root 
(1972) �rst described associational resistance as a reduction in a host 
plant�s vulnerability to herbivores due to its proximity to a neigh-
boring plant of a different species. Neighboring plants may obscure 
the focal plant visually (Rausher 1981), chemically (Schoonhoven 
et� al. 1981), or by other mechanisms (Holmes and Barrett 1997). 
Root (1973) proposed the resource concentration hypothesis which 
postulates that more diverse plantings will incur less herbivory than 
monocultures because herbivores, especially dietary specialists, are 
less able to �nd, colonize, and increase to damaging levels in mixed 
stands containing host and nonhost plants (Tahvanainen and Root 
1972, Root 1973). In contrast, diverse plantings may also generate 
associational susceptibility, where a neighboring plant makes a host 
more apparent to pests, or facilitates the pest�s consumption of a 
host (White and Whitham 2000, Barbosa et�al. 2009). Associational 
susceptibility may be driven by an increase in diet diversity (Hägele 
and Rowell-Rahier 1999), if a more diverse plant diet provides nu-
trients that preferred hosts do not provide in isolation. For example, 
Kotowska et�al. (2010) found that herbivore biomass and survival 
rate increased with the genotypic diversity of its plant�diet.

Warm season turfgrasses dominate urban and residential land-
scapes in warmer climates like the southern United States due to 
their heat- and drought-tolerant photosynthetic framework (Brilman 
2005). Genotypes of these plant species are selectively bred for 
qualities like pest resistance, aesthetic quality, and tolerance to en-
vironmental stressors (Brilman 2005, Fraser et� al. 2012). To con-
serve these traits, and in the absence of viable seeds, most warm 
season turfgrasses are produced through vegetative propagation and 
planted as sod or plugs (Casler and Duncan 2003). Thus, most warm 
season lawns are composed of genotypic monocultures of cultivated 
varieties. It is well supported that mixing some cool season turfgrass 
species or cultivars increases a lawn�s tolerance to traf�c (Newell 
et�al. 1996) and disease (Dunn et�al. 2002). Additionally, Simmons 
et�al. (2011) found that mixing seven warm season grass species in-
creased leaf density and resistance to weed invasion. Despite this, 
warm season turfgrass species are never intentionally planted as 
mixtures because planting different species together is likely less 
marketable and more dif�cult to produce and maintain.

Fortunately, evidence from agricultural and natural systems sug-
gests that intraspeci�c diversity can provide pest management and 
agronomic bene�ts similar to interspeci�c diversity (Riihimäki et�al. 
2005, Tooker and Frank 2012, Grettenberger and Tooker 2016). 
For instance, Grettenberger and Tooker (2016) found that increas-
ing intraspeci�c diversity in wheat (Triticum aestivum L.�[Poaceae: 
Poales]) reduced aphid [Rhopalosiphum padi (L.)� (Aphididae: 
Hemiptera)] body size and reproduction. Moreover, mixing cultivars 
of the same species is more likely to meet turfgrass consumer and 
industry standards because species-speci�c cultural requirements 
create signi�cant logistic challenges to produce and maintain inter-
speci�c mixtures (Tooker and Frank 2012).

To increase the sustainability of urban landscape plant mainten-
ance, we must develop new cultural IPM tactics that reduce reliance 
on management inputs and promote ecosystem services provided by 
plants. To date, no studies have documented the relative susceptibility 
of cultivars of the most common residential warm season lawn species, 
Stenotaphrum secundatum (Walt.) Kuntz, to an important herbivore 
pest, the fall armyworm (Sp. frugiperda). Here, we investigated the ef-
fects of common commercially produced St. secundatum cultivars on 
Sp. frugiperda life history traits and herbivory. We hypothesized that 

life history traits would be differentially affected by St. secundatum 
cultivars provided in monoculture. Using the same St. secundatum cul-
tivars, we investigated if creating mixtures of two or four cultivars is a 
viable approach to reducing Sp. frugiperda �tness and plant damage. 
We hypothesized that under no-choice conditions, Sp. frugiperda �t-
ness would increase with St. secundatum cultivar diversity through 
diet mixing. In contrast, we predicted that when reared on mixed 
plantings of St. secundatum cultivars, Sp. frugiperda �tness would 
decrease via associational resistance. Finally, based on the resource 
concentration hypothesis, we predicted that Sp. frugiperda host choice 
would be biased towards monocultures over more diverse plantings.

Materials and Methods
Study Organisms
Warm season turfgrasses in the United States are primarily com-
posed of 10 species within seven genera (Trenholm and Unruh 2005, 
Haydu et�al. 2006). A�single species, St. secundatum, makes up 70% 
of lawns (Casler and Duncan 2003) and over 50% of commercial 
sod produced in Florida, the largest turfgrass industry in the United 
States (Hodges and Stevens 2010). Importantly, over 80% of St. 
secundatum grown in Florida is a single cultivar, �Floratam�, sug-
gesting that over 170 km2 of Florida lawns are highly genetically 
similar (Satterthwaite et�al. 2009). We used St. secundatum as our 
host plant species because our results may inform immediate IPM 
strategies with high economic and environmental impact.

Fall armyworm is a common herbivorous pest of graminaceous 
plants, including St. secundatum, and is a frequently used model or-
ganism for ecological research (Erb et�al. 2011, Unbehend et�al. 2013, 
Jakka et�al. 2014). For this study, we used Sp. frugiperda (rice strain) 
reared at the United States Department of Agriculture, Agricultural 
Research Service (Gainesville, FL) on a soybean-based �multiple spe-
cies diet� (Southland Products, Lake Village, AR) in rearing trays 
(Frontier Agricultural Science, Newark, DE; model RT32W) at 25°C 
under a photoperiod of 16:8 (L:D) h.�Upon egg hatch, �rst-instar 
neonates were moved into growth chambers (Percival Scienti�c, 
Perry, IA) maintained at 27°C, 70% RH, and a photoperiod of 14:10 
(L:D) h at the University of Florida (Gainesville, FL).

Experimental�Design
The most commonly produced and planted St. secundatum cultivars 
in Florida are �Captiva�, �Classic�, �Floratam�, �Bitterblue�, �Seville�, 
and �Palmetto�. In 2016, we obtained sod (ca. 40 m2) of each cultivar 
from a single certi�ed Florida sod producer (JB Farms, Lake Placid, 
FL) and planted each as standalone 40 m2 plots at the University of 
Florida Plant Science Research and Education Unit (Citra, FL). These 
plots were used as source material for potted plants (15-cm diam-
eter) kept in a greenhouse for experiments. Potting media was one-
part potting soil (SunGro Profession Growing Mix, Fafard 3 and 3B 
Mixes, Agawam, MA) and one-part pure sand. Plants were watered 
as needed and fertilized once every 2�wk (Miracle-Gro Water Soluble 
All Purpose Plant Food, 24-8-16 %N-P-K).

Using the six St. secundatum cultivars listed above, we created 
three treatment groups for Sp. frugiperda, referred to henceforth as 
M1, M2, and M4 (Table 1). The M1 treatment consisted of three rep-
licates of each cultivar planted or provided in monoculture (n�=�18). 
The M2 treatment consisted of all unique combinations of two culti-
vars from the pool of six, which resulted in 15 unique combinations 
(n�=�15). The M4 treatment consisted of all unique combinations of 
four cultivars from the pool of six cultivars, which again resulted in 
15 unique combinations (n�=�15).
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We used the M1 treatment to evaluate the relative susceptibility 
of each St. secundatum cultivar to Sp. frugiperda. Afterward, the ef-
fects of St. secundatum cultivar diversity were evaluated based on 
the diversity treatment, rather than the cultivar composition of each 
treatment replicate.

No-Choice Experiment
To determine if cultivar diet mixing affects Sp. frugiperda �tness, 
we performed a no-choice experiment in growth chambers (Percival 
Scienti�c, Perry, IA) maintained at 27°C, 70% RH, and a photo-
period of 14:10 (L:D) h.�First, we assigned treatments to individual 
4 × 4 × 1-cm cells in rearing trays (Frontier Agricultural Science, 
Newark, DE) and placed one randomly selected �rst-instar Sp. fru-
giperda larva into each cell. We assigned one larva to each treatment 
replicate described above, resulting in 18 M1, 15 M2, and 15 M4 in-
dividuals. Next, we provided caterpillars with grass clippings of their 
respective treatment. Clippings came from St. secundatum monocul-
tures planted in pots and maintained in a greenhouse as described 
above. Clippings in each cell were replaced every 2 d with fresh 
plant material. For the M1 treatment, larvae were randomly assigned 
one of the six cultivars and given clippings of that cultivar every 2 
d.�Caterpillars in the M2 and M4 treatments received clippings of one 
cultivar at a time in a randomized order, such that each caterpillar in 
the M2 treatment fed on two different cultivars every 4 d and each 
caterpillar in the M4 treatment fed on four different cultivars over an 
8-d period. Caterpillars were always given more clippings than they 
could consume within the 2 d.�To control for the physical disruption 
of changing plant material, caterpillars in the monoculture treatment 
also had their diet replenished every 2 d, but with the same cultivar 
that was replaced. This experiment was repeated four times, totaling 
72 M1, 60 M2, and 60 M4 Sp. frugiperda individuals.

To determine the effects of cultivars and cultivar diet mixing on 
Sp. frugiperda �tness, we recorded larval body weight, days to pu-
pation, pupal weight, days to eclosion, and sex. We measured larval 
body weight (mg) after 9 d of feeding, as it can be an important in-
dicator of fecundity and survival (Berger et�al. 2008). Development 
rate is also important as it can affect the timing and application of 
pest control efforts, the duration of feeding and associated damage, 

as well as the rate at which populations can increase. Therefore, we 
recorded development time from �rst-instar larva to pupa and to 
adult for each individual. We also measured sex ratio and survival 
rate for all treatments since these factors can affect population com-
position and growth rates.

Limited-Choice Experiment
To conduct a more realistic evaluation of the effects of St. secundatum 
cultivars and cultivar diversity on Sp. frugiperda �tness, we designed a 
greenhouse experiment where we planted each diversity treatment in 
pots (15-cm diameter) using rooted cuttings of each cultivar equally 
represented per planting. Cuttings were washed and free of soil be-
fore planting, and roots were ~7�cm in length. The M1 treatment was 
created by potting eight cuttings from the same cultivar at once. To 
create the M2 treatment, we potted four cuttings from two cultivars 
simultaneously, and the M4 treatments were created by simultan-
eously potting using two cuttings from four cultivars together. As with 
their source pots, soil was composed of one-part potting mix (SunGro 
Profession Growing Mix Fafard 3B, Agawam, MA) and one-part 
sand. Plants were watered as needed and fertilized once every 2�wk 
(Miracle-Gro Water Soluble All Purpose Plant Food, Marysville, OH, 
24-8-16 %N-P-K). These plantings mirrored the M1, M2, and M4 
treatments used in the no-choice experiment (Fig. 1A).

Plants were trimmed weekly to an ~7.5� cm height to mimic a 
mowed lawn. As cultivars grow over and under one another within 
the pots, the location of cultivars within the pots was not tracked. 
After 3�6�wk of growth, two second-instar larvae were placed into 
each pot and enclosed within a microcosm. Two larvae were used per 
microcosm to improve the quality of data obtained, while keeping 
caterpillar density low so that cannibalism would be unlikely to 
occur. Microcosms were made of a cylindrical 32 oz supermarket 
container (10-cm height, 14-cm top diameter; Genpak, Charlotte, 
NC) with mesh (Casa Collection Organza Fabric, Joann, Hudson, 
OH) hot-glued in place of the closed end. These containers were ad-
hered to the rim of each pot with Para�lm (Pechiney, Chicago, IL). 
Microcosms were placed into a 60 × 60 × 60-cm PCV pipe cage cov-
ered with mesh (Casa Collection Organza Fabric) and kept within a 
greenhouse (min: 21°C, max: 43°C).

Table 1. All M1, M2, and M4 treatment cultivar combinations

M1 M2 M4

�Bitterblue� 1 �Bitterblue�-�Captiva� �Bitterblue�-�Captiva�-�Classic�-�Floratam�
�Bitterblue� 2 �Bitterblue�-�Seville� �Bitterblue�-�Captiva�-�Classic�-�Seville�
�Bitterblue� 3 �Bitterblue�-�Floratam� �Bitterblue�-�Captiva�-�Floratam�-�Seville�
�Captiva� 1 �Bitterblue�-�Classic� �Bitterblue�-�Classic�-�Floratam�-�Palmetto�
�Captiva� 2 �Bitterblue�-�Palmetto� �Bitterblue�-�Classic�-�Palmetto�-�Seville�
�Captiva� 3 �Captiva�-�Palmetto� �Bitterblue�-�Captiva�-�Classic�-�Palmetto�
�Classic� 1 �Captiva�-�Floratam� �Bitterblue�-�Floratam�-�Palmetto�-�Seville�
�Classic� 2 �Captiva�-�Seville� �Bitterblue�-�Captiva�-�Palmetto�-�Seville�
�Classic� 3 �Captiva�-�Classic� �Bitterblue�-�Classic�-�Floratam�-�Seville�
�Floratam� 1 �Classic�-�Seville� �Bitterblue�-�Captiva�-�Floratam�-�Palmetto�
�Floratam� 2 �Classic�-�Palmetto� �Captiva�-�Classic�-�Palmetto�-�Seville�
�Floratam� 3 �Classic�-�Floratam� �Captiva�-�Classic�-�Floratam�-�Palmetto�
�Palmetto� 1 �Floratam�-�Palmetto� �Captiva�-�Classic�-�Floratam�-�Seville�
�Palmetto� 2 �Floratam�-�Seville� �Captiva�-�Floratam�-�Palmetto�-�Seville�
�Palmetto� 3 �Palmetto�-�Seville�  �Classic�-�Floratam�-�Palmetto�-�Seville�
�Seville� 1   
�Seville� 2   
�Seville� 3   

The M1 treatment is composed of St. Augustinegrass cultivar monocultures; the M2 treatment is composed of mixtures of two St. Augustinegrass cultivars; the 
M4 treatment is composed of mixtures of four St. Augustinegrass cultivars.
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As in the no-choice experiment, we measured multiple life history 
traits to determine whether there was an effect of cultivar diversity 
on insect �tness. Eleven to twelve days after hatching, we measured 
larval weight by placing individual larvae in weigh boats on a scale. 
We recorded the number of days to eclosion, sex, and survival for 
each individual. We also recorded visual estimates of percent her-
bivory in 10% intervals based on larval chewing damage per pot for 
each planting 11�12 d after egg hatch as in the planted monoculture 
experiment described above. Percent herbivory estimated the volume 
of grass of eaten compared with the amount of grass that would 
have been present otherwise.

We repeated this experiment four times, resulting in 72 M1, 60 
M2, and 60 M4 replicates. A��fth experimental replicate was started, 
but not completed due to seasonal photoperiod changes drastically 
delaying eclosion, although larval weight and herbivory were similar 
to the previous four replicates. Thus, sex ratio, survival rate, and 
development rate were not recorded for that replicate, only larval 
weight and percent herbivory at 11�12 d after larval introduction.

Spodoptera frugiperda Host�Choice
In addition to effects of St. secundatum cultivar diversity on Sp. fru-
giperda �tness, cultivar diversity may also affect insect host choice. 
To test this, we planted rooted cuttings of each cultivar in 9.5-cm 
diameter pots as in the previously described limited-choice experi-
ment. This included 15 M1 pots with no single cultivar represented 
more than three times, and one pot of each unique cultivar combin-
ation for M2 (n�=�15) and M4 (n�=�15) treatments, totaling 45�pots.

To evaluate larval host choice, we randomly selected one pot of 
each treatment without replacement and placed them into a bucket 
(30-cm diameter) �lled with pure sand, such that the top rim of each 
pot was �ush with the sand and 24�cm below the lip of the bucket 
(Fig. 1B). Combinations of pots and orientations within the buckets 
were randomized. Pots were placed at the edges of the bucket equi-
distant from each other, resulting in 2.5�cm from the center of the 
bucket to each pot, and 5�cm from pot to pot. We repeated this pro-
cess until all pots were used across 15 buckets, each containing one 
pot of each cultivar diversity treatment. Next, we placed 10 third-in-
star larvae onto the sand in the center of each bucket equidistant 
from the pots. We then recorded the number of larvae within each 
planting 10�min, 24�h, 48�h, and 72�h after introduction.

To determine if St. secundatum diversity treatment affected Sp. 
frugiperda adult oviposition choice, we used the same treatment 

arrangement as in the larval host choice, however, instead of buckets, 
each set of three pots (15�cm diameter) were placed 33�cm apart in a 60 
× 60 × 60-cm PCV pipe cage covered with white mesh (Casa Collection 
Organza Fabric) and kept within a greenhouse (min: 21°C, max: 43°C). 
We placed 10 recently eclosed adults (5 males, 5 females) into the center 
of each mesh cage. The number of moths were chosen for parity with 
similar experiments (Meagher et� al. 2004, 2011). After 72�h, we re-
corded the number of egg masses on each treatment, weighed each 
mass, and calculated total egg mass weight per pot. This experiment 
and the larval host choice experiment were each repeated three times.

Statistical Analyses
To determine the effects of St. secundatum cultivars in monoculture 
on Sp. frugiperda, we conducted analyses of variance (ANOVA) com-
paring life history trait measures between cultivars in the M1 treat-
ment for the no-choice and limited-choice experiments (JMP Pro 13.1, 
SAS institute). For all analyses of the effects of cultivar diversity, we 
treated each cultivar in monoculture and each unique cultivar combin-
ation of two and four as single treatments, M1, M2, and M4, respect-
ively. We used ANOVA to determine the effect of cultivar diversity 
on each measure of �tness during the no-choice and limited-choice 
experiments. Experimental replicate was used as a random covariate 
in all analyses. We used logistic regression and χ2 to test for effects of 
cultivar diversity on sex ratios. To detect effects of St. secundatum di-
versity level, time, and their interaction during the host choice experi-
ments, we conducted repeated-measures ANOVA on the number of 
larvae present per treatment at each time interval. Paired t-tests were 
performed for post-hoc pairwise means comparisons of host choice 
for each diversity treatment at each time point. We also used ANOVA 
to determine the effect of diversity treatment on oviposition meas-
ures (egg mass quantity, average egg mass weight, and total egg mass 
weight). When ANOVA identi�ed a signi�cant main effect, we used 
Tukey�s HSD post-hoc tests for pairwise means comparisons to detect 
differences between treatment means. Alpha was set at 0.05 for all 
analyses. All data are presented as means – SEM.

Results
Relative Susceptibility of St. secundatum Cultivars
Utilizing data from the monoculture treatment (M1), we separated 
the effects of each cultivar (n� =� 12). In the no-choice experiment, 
we found no effect of cultivar on larval weight, time to eclosion, or 

Fig. 1. An illustration of how rooted sprigs from St. Augustinegrass cultivars were organized to create the M1, M2, and M4 treatment pots for the limited-choice 
and host choice experiments (A). An example of how M1, M2, and M4 pots were organized within buckets for the larval host choice experiment (B).
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The resource concentration hypothesis predicts that reducing 
stand size of a preferred host by increasing plant diversity may re-
duce herbivore immigration, retention, and herbivory (Root 1973). 
Our results support this, as we observed reduced larval colonization 
and herbivory with increasing cultivar diversity. Although adult ovi-
position was not affected, Sp. frugiperda larvae preferentially colon-
ized less diverse plantings of St. secundatum cultivars, which could 
translate to reduced lawn colonization rates. Adult Sp. frugiperda 
frequently oviposit on nonhost plants or structures adjacent to hosts 
(Thomson and All 1984), leaving larvae to disperse to colonize a 
host. Consequently, these generalist herbivores may avoid lawns of 
diverse cultivars and feed more ubiquitously on landscape plants, 
reducing concentrated herbivory and the need for pest control in-
puts. Moreover, we found that Sp. frugiperda herbivory declined 
with increasing cultivar diversity such that M4 plantings had 12% 
less damage than M1 plantings (Fig. 2). These results are particularly 
important for St. secundatum lawns because less herbivory translates 
to greater aesthetic quality and less need for supplemental inputs.

Our study suggests that lawns composed of mixed cultivars may 
have insect pest management bene�ts as indicated by our feeding tri-
als, larval choice evaluation, and herbivory results. Preference of Sp. 
frugiperda for monoculture turf may translate to lower densities in 
more diverse mixed-cultivar lawns and reduce the need for insecti-
cide treatments. In addition to plant diversity or richness, other studies 
have found that plant composition can be the most important factor 
affecting herbivores (Finch et�al. 2003). Although beyond the scope 
of this study, further investigations may identify underlying factors 
contributing to our observed trends and lead to more targeted cultivar 
mixtures for implementation. Additionally, �eld studies should be 
conducted to evaluate the relative marketability of cultivar mixtures 
and determine effects on lawn quality. As it stands, our results show 
promise for increasing warm season turfgrass cultivar diversity as an 
effective IPM tactic that lawn managers and the turfgrass industry 
could implement to reduce the economic and environmental impact of 
insect pests and their management in urban ecosystems.
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